Epithelial-to-Mesenchymal Transition (EMT) is an important pathogenic mechanism mediating glomerular injury or sclerosis in a variety of renal and systemic diseases such as hyperhomocysteinemia (hHcys). The present study was designed to test whether Hcys-induced EMT in podocytes is reversed by growth hormone (GH), a hormone regulating cell differentiation and growth and to explore the cellular and molecular mechanism mediating its action. It was found that Hcys induced significant EMT in podocytes, as shown by marked decreases in slit diaphragmassociated protein P-cadherin and zonula occludens-1 as epithelial markers and by dramatic increases in the expression of mesenchymal markers, fibroblast specific protein-1 and -smooth muscle actin, which were detected by all examinations via immunocytochemistry, real time RT-PCR and Western blot analysis. When podocytes were treated with GH at 25 ng/mL, however, Hcys failed to induce podocyte EMT. Using electromagnetic spin resonance spectrometry, Hcys-induced superoxide (O 2 .-) production via NADPH oxidase was found to be significantly inhibited by GH (66%). Functionally, GH was shown to substantially inhibit Hcys-induced increases in the permeability of podocyte monolayers and to block the decrease in podocin expression in these cells. In addition, NADPH oxidase subunit, gp91 phox and GH receptors aggregated in membrane raft clusters, which produced O 2 .-in response to Hcys and could be blocked by GH, membrane raft disruptors filipin and MCD or NADPH oxidase inhibitor, apocynin. It is concluded that Hcys-induced podocyte EMT is associated with transmembrane membrane raft-redox signaling and that GH reverses this Hcysinduced EMT protecting podocytes from functional disturbance.
Introduction
Hyperhomocysteinemia (hHcys) has been known as a risk factor for many diseases such as cardiovascular diseases, stroke, neurodegenerative diseases, end-stage renal disease, multiple sclerosis, and osteoporotic fractures [1] [2] [3] [4] . Studies from our laboratory [5, 6] and by others [7] have demonstrated that Hcys induces extracellular 692 matrix accumulation in mesangial cells and podocyte injury, which lead to glomerulosclerosis and loss of renal function, resulting in end-stage renal disease (ESRD). The podocyte, as an important structure of the glomerular filtration barrier, is a dynamic cell involved in several important cellular or physiological processes determining glomerular function such as glomerular filtration, maintenance of the glomerular basement membrane (GBM), regulation of the shape and integrity of the capillaries, and signal transduction. These podocytes are characterized by extensive interdigitating foot processes containing actin filaments [8] . Recent studies have indicated that podocyte injury is an important early event leading to glomerulosclerosis in both genetic and nongenetic glomerular diseases [9] . Indeed, our laboratory and others have shown that the podocyte injury also occurred during hyperhomocysteinemia (hHcys) via nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activation and subsequent superoxide (O 2 .-) generation, which resulted in glomerular sclerosis. It has also been demonstrated that Hcys-induced epithelial-tomesenchymal transition (EMT) of podocytes is a crucial event leading to hHcys-induced glomerulosclerosis [6, 10, 11] . Knocking out the gp91 phox gene, one essential catalytic subunit of NADPH oxidase complex, significantly inhibited O 2 .-production and EMT induced by hHcys and protected podocytes from Hcys-induced injury [11] . These results indicated that O 2 .-production via NADPH oxidase and associated EMT in podocytes may be an important target for treatment or prevention of hHcysinduced glomerular sclerosis.
In this regard, growth hormone (GH) as a therapeutic strategy under different pathological conditions has been demonstrated to decrease oxidative stress and recover antioxidant defenses via reduced cellular ROS generation through various pathways such as upregulation of the expression of Mn-SOD, Cu, Zn-SOD, GPx-1 and eNOS in endothelial cells [12, 13] . In addition, a growth hormone-releasing peptide, ghrelin has also been found to have protective effects from Hcys-induced coronary endothelial dysfunction by increasing expression of endothelial nitric oxide synthase and reducing local oxidative stress [14] [15] [16] . However, it remains unknown whether GH is able to protect podocytes or glomeruli from hHcys-induced injury.
In the present study, we performed a series of studies to test the hypothesis that GH protects podocytes from Hcys-induced injury through abrogation of enhanced EMT associated with NADPH oxidase activation. We first determined the effects of GH on Hcys-induced changes in expression of EMT markers including the slit diaphragm-associated proteins P-cadherin and zonula occludens-1 (ZO-1) as epithelial markers and the mesenchymal markers fibroblast specific protein-1 (FSP-1) and -smooth muscle actin ( -SMA). We also determined whether GH-induced protective effects are associated with inhibition of Hcys-induced increases in NADPH oxidase-dependent O 2 .-production and whether GH indeed restores podocyte function from Hcys-induced impairment that relate to podocin production, cell monolayer permeability, and VEGF production. Then, we went on to explore the mechanisms by which GH exerts its beneficial effect through inhibition of membrane raft (previously referred to as lipid raft) clustering and associated redox signaling. Our results demonstrate that GH is able to abrogate Hcys-induced formation of membrane raft platforms and to block a transmembrane redox signaling pathway, whereby Hcys-induced podocyte EMT is blocked.
Materials and Methods

Cell culture
Conditionally immortalized mouse podocytes cell line, kindly provided by Dr. Klotman PE (Division of Nephrology, Department of Medicine, Mount Sinai School of Medicine, New York, NY, USA), were cultured on collagen I-coated flasks or plates in RPMI 1640 medium supplemented with recombinant mouse interferon-at 33°C. After differentiated at 37°C for 10-14 days without interferon-, podocytes were used for proposed experiments. The preparation of L-Hcys (a pathogenic form of Hcys) and the concentration and incubation time of LHcys treatment were chosen based on our previous studies [17] . In addition, mouse GH (from National Hormone & Peptide Program Harbor-UCLA Medical Center, Torrance, California, USA) was added into the culture medium and then incubated for different time periods. The concentrations used for all protocols were decided based on our preliminary doseresponse experiments (from 12.5-50 ng/mL), which showed that 25 ng/mL GH slightly activated EMT in podocytes and had stable effects on Hcys-induced changes in EMT.
Immunofluorescent microscopy Double-immunofluorescent staining was performed using cultured podocytes on cover slips. After fixation, the cells were incubated with rabbit anti-podocin 1: 200 (Sigma, St. Louis, MO, USA), which was followed by incubation with Alex-488-labeled donkey anti-rabbit secondary antibody. Then, goat anti-FSP-1 (1:50 dilution), goat anti-ZO-1 (1:50 dilution) (Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA), goat anti-P-cadherin (1:25 dilution), or mouse anti--SMA (1:300 dilution) (R&D system, Minneapolis, MN, USA) were added to the cell slides and then incubated overnight at 4°C. After washing, the slides were incubated with corresponding Alex-555-labeled secondary antibodies and then mounted and subjected to examinations using a confocal laser scanning microscope (Fluoview FV1000, Olympus, Japan). These double staining experiments were performed to observe the relationship between podocin production and EMT changes during Hcys incubation.
In addition to double staining and confocal microscopy, several groups of podocytes were used for quantitative analysis of expression of EMT markers under fluorescence microscope. In these experiments, podocytes on cover slips were fixed in 4% PFA for 20 minutes. After rinsed with phosphate-buffer saline (PBS), they were incubated with rabbit anti-FSP-1 (1:100, Abcam, Cambridge, MA, USA), rabbit anti-ZO-1 (1:50, Invitrogen, Camarillo, CA, USA), rabbit anti-P-cadherin (1:25), or mouse anti--SMA (1:300, R&D system, Minneapolis, MN, USA) antibodies. After washing, the slides were incubated with corresponding Alex-488-labeled secondary antibodies for 1 h at room temperature. After mounted with DAPI-containing mounting solution, the slides were observed under a fluorescence microscope and photos were taken and analyzed.
Real-time reverse transcription polymerase chain reaction (RT-PCR)
Total RNA from cultured podocytes was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA. USA) according to the protocol as described by the manufacturer. Aliquots of total RNA (1 μg) from each sample were reverse-transcribed into cDNA according to the instructions of the first strand cDNA synthesis kit manufacturer (Bio-Rad, Hercules, CA, USA). Equal amounts of the reverse transcriptional products were subjected to PCR amplification using SYBR Green as the fluorescence indicator on a Bio-Rad iCycler system (Bio-Rad, Hercules, CA, USA). The mRNA levels of target genes were normalized to the -actin mRNA levels. The primers used in this study were synthesized by Operon (Huntsville, AL, USA) and the sequences were: for P-cadherin, sense GTA AGG GCT ACC GCT CAC TC, antisense TGT GAG GCC AAG TGA AAG AC; for ZO-1, sense GAG CTA CGC TTG CCA CAC TGT, antisense TCG GAT CTC CAG GAA GAC ACT T; for FSP-1, sense GTT ACC ATG GCA AGA CCC TT, antisense AAC TTG TCA CCC TCT TTG CC; for -SMA, sense CAG GAT GCA GAA GGA GAT CA, antisense TCC ACA TCT GCT GGA AGG TA; and for -actin, sense TCG CTG CGC TGG TCG TC, antisense GGC CTC GTC ACC CAC ATA GGA.
Western blot analysis
Western blot analysis was performed as we described previously [18] . In brief, homogenates from cultured podocytes were prepared using sucrose buffer containing protease inhibitors. After boiling for 5 min at 95°C in a 5× loading buffer, 20 μg of total proteins were subjected to SDS-PAGE, transferred onto a PVDF membrane and blocked by solution with dry milk. Then, the membrane was probed with primary antibodies of anti-ZO-1 (1:500, Invitrogen), anti-P-cadherin (1: 500, R&D System), anti--SMA (1:5000, R&D System), anti-FSP-1 (1:500, Abcam) or anti--actin (1:5000, Santa Cruz Biotechnology) overnight at 4 °C followed by incubation with horseradish peroxidase-labeled IgG (1:5000). The immunoreactive bands were detected by chemiluminescence methods and visualized on Kodak Omat X-ray films. Densitometric analysis of the images obtained from X-ray films was performed using the Image J software (NIH, Bethesda, MD, USA).
NADH/NADPH oxidase activity in podocytes
Fluorescence spectrometry for O 2 .-production in podocytes was performed by using a modification of methods described previously [19] . Briefly, the fluorogenic oxidation of dihydroethidium (DHE) to ethidium (Eth) was used as a measure of O 2 .-production. The homogenates (10 μg) freshly prepared from podocytes were incubated with DHE (10 μ mol/L) and salmon testes DNA (0.5 mg/mL, Sigma) with or without NADPH (2 mmol/L, Sigma) in a microtiter plate at 37°C for 30 minutes, and then Eth-DNA fluorescence was measured at an excitation of 485 nm and an emission of 590 nm by using a CytoFluor Series 4000-fluorescence microplate reader (Applied Biosystems, Foster City, CA, USA 
Electromagnetic spin resonance (ESR) analysis of NADPH oxidase-dependent O 2
.-production For detection of NADPH oxidase-dependent O 2 .-production, homogenates from cultured podocytes were extracted using sucrose buffer and re-suspended with modified Kreb's-Hepes buffer containing deferoximine (100 μmol/L, Sigma) and diethyldithiocarbamate (5 μmol/L, Sigma). The NADPH oxidase-dependent O 2 .-production was examined by addition of 1 mM NADPH (Sigma) as a substrate in 10 μg protein and incubated for 10 min at 37 °C in the presence or absence of SOD (200 U/mL, Sigma), and then supplied with 1 mM O 2 .-specific spin trap 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH, Noxygen, Elzach, Germany) as we described before [20] . SOD was added to measure SODinhibitable signaling of CMH. The mixture was loaded in glass capillaries and immediately analyzed for O 2 .-production kinetically for 5 min in a Miniscope MS200 ESR spectrometer (Magnettech Ltd, Berlin, Germany). The ESR settings were as follows: biofield, 3350; field sweep, 60 G; microwave frequency, 9.78 GHz; microwave power, 20 mW; modulation amplitude, 3 G; 4,096 points of resolution; receiver gain, 50. The results were expressed as the fold changes of control.
Assay of the permeability through podocytes monolayer
The permeability of podocyte monolayer was measured as we described previously [21] . Briefly, podocytes were seeded in the upper chambers of 0.4μm polycarbonate Transwell filters of a 24-well filtration microplate (Whatman Inc., Florham Park, NJ, USA). After treatment with L-Hcys (40 μmol/L) with or without GH (25 ng/mL) for 48 h, the culture medium was replaced Growth Hormone and Podocyte Epithelial-to-mesenchymal Transition Cell Physiol Biochem 2011;27:691-702 with fresh phenol red-free RPMI 1640 in the presence of Hcys and 70 kD FITC-dextran (2.5 mol/l) in the upper chambers. After 6 h, the filtration microplate was removed, the medium from the lower compartment was collected, and then fluorescence was measured in a spectrofluorometer at an excitation wavelength of 494 nm. The permeable fluorescence intensity was used to represent cell permeability and the values were normalized to that of the control cells.
ELISA for VEGF-A secretion by podocytes
Podocytes were incubated with different stimulations like GH (25 ng/mL) and L-Hcys (40 μmol/L) with or without GH (25 ng/mL) for 24 h. The supernatant was collected for ELISA to measure VEGF-A using a commercially available kit (R&D Systems, Minneapolis, MN, USA).
Confocal microscopic detection of membrane raft platforms and their colocalization with NADPH oxidase subunits or growth hormone receptor (GHR) in podocytes
For confocal microscopic detection of membrane raft clusters or platforms and their associated proteins, podocytes were seeded on poly-L-lysine-coated chambers. The cells were treated with L-Hcys (40 μM) with or without GH (25 ng/mL) or vehicle for 30 min. In additional groups of podocytes, the membrane raft disruptors, methyl--cyclodextrin (MCD) at 1 mM (Sigma) and filipin at 1 μg/mL (Sigma), were added to pretreat cells for 30 min before addition of L-Hcys with GH. The formation of membrane raft platforms was detected under confocal microscope as we previously described [22] . Briefly, podocytes were washed with cold PBS, fixed for 20 min in 4% PFA and then blocked with 1% BSA in PBS for 30 min. GM 1 gangliosides enriched in membrane rafts were stained with Alexa488-labeled cholera toxin B (Alexa488-CTXB) at 0.5 μg/ mL (Molecular Probes, Eugene, OR, USA) for 30 min. For detection of the colocalization of membrane raft platforms and NADPH oxidase subunits gp91 phox or GHR, podocytes were incubated overnight with indicated primary monoclonal mouse anti-gp91 phox (BD biosciences, San Jose, CA, USA) or anti-GHR (Sigma) at 1:100 followed by incubation with 5 μg/mL Texas Red-conjugated anti-mouse IgG or Texas Red-conjugated antigoat IgG for an additional 1 h at room temperature. Then, Alexa488-labeled cholera toxin B (Alexa488-CTXB) at 0.5 μg/ mL was used to label GM 1 gangliosides enriched in membrane raft platforms. After mounting, the slides were observed using a confocal laser scanning microscope (Fluoview FV1000, Olympus, Japan). In each slide, the presence or absence of clusters or platforms in 100 cells was scored by an unwitting researcher after specifying the criteria for positive spots of fluorescence. Podocytes that displayed a homogenous distribution of fluorescence were indicated as negative. Results were given as the percentage of podocytes showing one or more overlaid fluorescent spots or patches vs. total cells observed in each protocol.
Statistical analysis
All of the values are expressed as mean ± SEM. Significant differences among multiple groups were examined using ANOVA followed by a Student-Newman-Keuls test. test was used to assess the significance of ratio and percentage data. P<0.05 was considered statistically significant.
Results
Hcys-induced changes in EMT markers detected by fluorescent microscopy in the absence and presence of GH
To determine whether GH has effects on Hcysinduced EMT in podocytes, immunostaining analysis of EMT markers was performed in podocytes before and after stimulation of Hcys. As shown in Fig. 1A , under basal condition podocytes were enriched with P-cadherin and ZO-1, two epithelial markers. When these podocytes were treated with L-Hcys (40 mol/L) or TGF-as a positive control (2.5 ng/mL), the expression of both Pcadherin and ZO-1 was markedly reduced as shown in decreased green fluorescence in example images and positive stained podocytes (Fig. 1A, 1B ). This Hcysinduced reduction of P-cadherin and ZO-1 expression in podocytes was similar to that induced by TGF-. GH (25 ng/mL) had no significant effect on the expression of Pcadherin and ZO-1, but it almost completely blocked Hcys-induced reduction of the expression of both epithelial markers. In contrast, the abundance of two mesenchymal markers, FSP-1 and -SMA were very low in podocytes under control condition. When these podocytes were stimulated by L-Hcys, the expression of both FSP-1 and -SMA was remarkably increased to an extent similar to TGF-. When podocytes were pretreated with GH, L-Hcys failed to increase FSP-1 and -SMA expression (Fig. 1C, 1D ).
Effects of GH on Hcys-induced changes in the expression of EMT markers detected by real time RT-PCR and Western blot analysis
To further confirm the effects of GH on Hcysinduced EMT markers expression, we performed real time RT-PCR and Western blot analysis to quantify the expression of P-cadherin, ZO-1, FSP-1 and -SMA in podocytes. As shown in Fig. 2A, 2C and 2D, mRNA and protein levels of P-cadherin and ZO-1 were significantly decreased in podocytes treated with Hcys for 24 h, which was similar to that induced by TGF-, a well-known cytokine that affects EMT. When these podocytes were incubated with GH, no significant changes in the mRNA and protein levels of P-cadherin and ZO-1 were observed. However, co-treatment of GH with L-Hcys significantly reversed the action of L-Hcys on both mRNA and protein levels of P-cadherin and ZO-1. As shown in Fig. 2B, 2E and 2F the changes in mesenchymal markers were detected under different treatments by real time RT-PCR and Western blot analysis. In contrast to its effects on epithelial markers, L-Hcys significantly increased both mRNA and protein levels of FSP-1 and -SMA, which was similar to the effect of TGF-. In the presence of GH, this L-Hcys-induced increase in the expression of FSP-1 and -SMA was substantially blocked.
Inhibition of Hcys-induced NADPH oxidase activation in podocytes by GH
Redox signaling via NADPH oxidase has been reported to be importantly involved in progressive glomerular injury or glomerulosclerosis associated with hHcys [10, 11, 20] . To explore potential mechanisms underlying the action of GH on Hcys-induced EMT of podocytes, we examined the NADPH oxidase-dependent O 2 .-production of podocytes treated by Hcys with or without GH for 24 hours. Fig. 3A shows typical ESR production was relatively weaker compared to that obtained in podocytes treated with TGF-, which doubled this O 2 .
-production compared to control cells (Fig. 3B ). After podocytes were co-treated with GH, L-Hcysinduced O 2 .-production was significantly reduced (Fig.  3B, Hcys+GH) . To further demonstrate the action of GH on L-Hcys-induced NADPH oxidase activity, a fluorescence spectrometric assay was also used to determine the activity of NADPH oxidase in podocytes (Fig. 3C) . Similarly, L-Hcys was found to significantly increase NADPH oxidase activity in the homogenates of podocytes, which was similar like TGF-. GH treatment completely blocked Hcys-induced increase in NADPH oxidase activity. However, the expression of NADPH oxidase subunits was not altered by Hcys and GH treatments as observed by real time RT-PCR and Western blot (data not shown).
Effect of GH on Hcys-induced enhancement of podocyte-monolayer permeability and VEGF secretion
To determine the functional significance of the GH action, we examined its influence on L-Hcys-induced changes in barrier function of podocyte monolayers. As shown in Fig. 4A , dextran flux significantly increased in podocytes treated with Hcys. This L-Hcys-induced increase in permeability of podocytes was markedly reduced in the presence of GH.
To further confirm the effect of GH on Hcys-induced functional abnormality of podocytes, we determined the production of VEGF-A in the cultured medium of podocytes after treatment of these cells with L-Hcys and L-Hcys plus GH. It was found that VEGF-A secretion were significantly reduced by the treatment of podocytes with L-Hcys for 24 h. In the presence of GH, however, the Hcys-induced decrease in VEGF-A secretion was almost completely restored (Fig. 4B) .
Reversal of Hcys-induced podocin decrease by GH
Hcys has been reported to lead to podocyte injury as shown by decreased expression of podocin, a slit diaphragm molecule, at the mRNA and protein levels [23] . We determined whether GH also reverses Hcys-induced decreases in podocin production. By double-immunostaining analysis, co-localization of podocin and epithelial markers, P-cadherin and ZO-1, were found to be significantly decreased when podocytes were treated with Hcys for 24 h. TGF-as positive control also had similar effects on expression of these molecules. Such colocalization of podocin and epithelial markers was recovered in the presence of GH. Compared to control, GH alone had no significant effect on the expression of podocin and epithelial markers in podocytes (Fig. 5A) . The summarized data were shown in Fig 5B. Different from P-cadherin and ZO-1, colocalization of podocin with mesenchymal markers FSP-1 or -SMA was very weak under control condition. Hcys markedly increased the expression of both mesenchymal markers as shown in red fluorescence, but reduced podocin levels, revealing an inverse relationship between podocin and FSP-1 or -SMA. In the presence of GH, Hcys-increased local production of FSP-1 and -SMA and the decreased podocin expression in podocytes was inhibited (Fig. 5C  and 5D ).
Clustering of gp91 phox and GH receptor (GHR) with membrane raft platforms in podocytes upon Hcys stimulation
These experiments were designed to explore the mechanisms mediating the action of GH on Hcys-induced podocyte EMT and injury. In previous studies, we have demonstrated that Hcys-induced podocyte injury was associated with the formation of a membrane raft redox signaling platforms, which involves molecular trafficking and aggregation of NADPH oxidase subunits in membrane raft clusters on the podocyte membrane and consequent assembling and activation of NADPH oxidase [23] . In the present study, we hypothesized that GH exerts its protective action on podocytes from Hcys-induced injury by inhibition of membrane raft redox signaling platform formation. To test this hypothesis, podocytes were stained with Alexa488-labeled cholera toxin B (CTXB, a membrane raft marker) and colocalized with GHR or NADPH oxidase subunit, gp91 phox . Fig. 6A and 6B present typical confocal microscopic images depicting membrane raft patches or platforms with GHR or gp91 phox . Membrane rafts or related proteins were evenly spread throughout the cell membrane under control condition as indicated by weak diffuse green FITC fluorescence of CTXB in control podocytes. There was no significant increase in membrane raft clustering after treatment with GH alone. Upon stimulation of Hcys, however, membrane raft clusters were found to be increased as displayed by large and intense green fluorescence patches. However, treatment of podocytes with GH led to disruption of membrane raft clusters and abrogated patching and clustering of FITC-CTXB induced by Hcys. Pretreatment of podocytes with filipin, a membrane raft disruptor alone or together with GH also blocked Hcys-induced the formation of membrane raft platforms. The results showing these effects of L-Hcys and GH on the formation of membrane raft platforms were summarized in Fig. 6C , where L-Hcys was demonstrated to increase the formation of membrane raft platforms by more than 3 fold as shown by positive cells with detectable green CTXB patches (from 25% to 83%).
It was also found that Hcys induced aggregation of gp91
phox , a major NADPH oxidase subunit in membrane raft platforms of podocytes as shown by colocalization of Alexa Fluo 488 labeled CTXB and anti-gp91 phox plus Alexa 555 labeled antibody, as shown in yellow spot or patches in overlaid images of Fig. 6A . Similarly, L-Hcys stimulated clustering of GHR in membrane raft clusters (Fig. 6B) . However, when podocytes were pretreated with GH, Hcys-induced clustering of both gp91 phox and GHR into membrane raft clusters were almost completely blocked, which was similar to the effect of the membrane raft disruptor, filipin. All these colocalization experiments were summarized in Fig. 6D , showing that membrane raft platforms clustered with GHR and gp91 phox in response to L-Hcys stimulation as shown by significantly increased colocalization coefficient and that this effect of L-Hcys was completely abrogated by GH treatment and membrane raft disruptor.
Antagonistic effect of GH on Hcys-induced O 2 .-production associated with NADPH oxidasedependent redox signaling
We analyzed the effects of GH on Hcys-induced O 2 .-production derived from membrane raft-associated NADPH oxidase in podocytes in the absence or presence of different inhibitors related to the formation of membrane raft platforms and NADPH oxidase activity. After pretreated with apocynin (100 μM, Sigma, St. Louis, MO, USA ), MCD (1 mM, Sigma, St. Louis, MO, USA) or filipin (1 g/ml) for 30 min, podocytes were treated with Fig. 7 , ESR analysis showed that Hcysinduced O 2 .-production was dramatically reduced by GH. This effect of GH on Hcys-induced production of O 2 .-was not further enhanced by membrane raft disruptors, filipin and MCD, suggesting that GH may share the same mechanism as filipin to inhibit membrane raft clustering and thereby redox signaling. In the presence of GH, similarly, pretreatment of podocytes with NADPH oxidase inhibitor, apocynin, had no further effects on Hcys-induced production of O 2 .-, further suggesting that antagonistic effect of GH on Hcys-induced O 2 .
-production relates to inhibition of membrane raft clustering and NADPH oxidase activation (Fig. 7) .
Discussion
The major goal of the present study was to determine whether Hcys-induced podocyte EMT and functional disorder is regulated or changed by GH and to explore the mechanisms mediating the effect of GH in association with the formation of GHR/ membrane raft clusters and redox signaling. We demonstrated that a low dose of GH (25 ng/mL) had no significant effect on EMT process and associated podocyte function. However, treatment of podocytes with GH prevented Hcys-induced podocyte injury, which related to its inhibitory action on Hcysinduced enhancement of EMT. This protective action of GH on EMT and consequent functional injury in podocytes was found to be due to blockade of the formation of membrane raft platforms with GHR and NADPH oxidase subunits and consequent O 2 .-production. Although there were reports that excessive endogenous production of GH as a peptide hormone secreted by the pituitary gland may be an injurious factor in pathogenesis of some diseases or pathological process such as diabetes mellitus and progressive glomerulosclerosis [24, 25] , this hormone is often used as a therapeutic agent for different medical conditions, some of which were approved by the U.S. Food and Drug Administration, such as cachexia [26] , Turner syndrome [27] , chronic renal failure [28] , Prader-Willi syndrome [29] , and idiopathic short stature (ISS) [30] . In addition to these and other therapeutic uses for improvement of growth in children or adults, GH has also been reported to be used for healing of large burns [31] or in obesity [32] , Crohn's disease [33] , chronic fatigue syndrome, aging [34] and various degenerative diseases such as Alzheimer's disease [35] , multiple sclerosis [36] , atherosclerosis [37] and chronic heart failure [38] . Although GH was used in patients with chronic renal failure, the goal of such therapy is mainly for improvement of slowed growth in children or young adults under related pathological conditions [39] . It remains unknown whether the application of GH during chronic renal failure could improve renal function and slow the progression of endstage renal disease. In this regard, GH has been reported to possess significant cardiac protective effect in uremia rats [28, 40] . Given accumulating evidence that GH has strong antioxidant actions [12, 13, [41] [42] [43] , it is possible that its therapeutic application may improve renal damage or glomerular sclerosis associated with local oxidative stress. The present study attempted to examine whether GH exerts its protective action from podocyte injury and consequent glomerular damage during hHcys, which is a well-known pathogenic factor resulting in end-stage renal disease through enhanced local oxidative stress [44, 45] . Indeed, GH-releasing peptide ghrelin has recently been reported to have protective effect on the endothelium from Hcys-induced injury, which is associated with increases in endothelial nitric oxide synthase expression and reduction of oxidative stress [14] . In the first series of experiments, we demonstrated that increased Hcys concentrations in the medium significantly induced EMT in podocytes, which was comparable to a well-established EMT inducer, TGF- [46, 47] . This Hcys-enhanced EMT was almost completely blocked by co-treatment of GH. To our knowledge, these results represent the first experimental evidence that GH abrogates the EMT associated with increased Hcys stimulation in podocytes. Since podocytes injury is an important early mechanism in the development of glomerular sclerosis or end-stage renal disease [48] and EMT is critically involved in the initiation or development of glomerular sclerosis [46] , the abrogating action of GH on podocyte EMT suggests that is may be used to block the progression of glomerular injury during hHcys. We also examined whether the effect of GH is associated with Hcys-enhanced oxidative stress in podocytes. It was found that GH blocked Hcys-induced NADPH oxidase activation that was reported to be a critical early mechanism initiating or promoting Hcysinduced podocyte injury and glomerulosclerosis [23] . However, GH had no effect on the expression of NADPH oxidase subunits. Although there is no report about the protective action of GH on local oxidative stress in glomeruli, many studies have demonstrated that GH indeed has beneficial effect on oxidative stress-associated injury in other tissues or organs such as heart, vessels and lymphocytes [12, 43, 49] . To address the functional significance of GH-induced suppression of EMT in podocytes, we determined the role of GH in Hcys-induced enhancement of podocyte monolayer permeability. There is substantial evidence that glomerular oxidative stress contributes to increases in epithelial monolayer permeability under different pathological conditions such as diabetes, nephritis, hypertension and hHcys [50, 51] . This increased cell permeability importantly participates in the development of glomerular injury and sclerosis [52, 53] . The present study demonstrated that Hcys-induced increase in the podocyte permeability was markedly attenuated by treatment of these cells with GH. Moreover, Hcys-induced decrease in the production of VEGF-A, as a glomerular permeability factor, was also reversed by GH treatment of podocytes. These results suggest that Hcys may lead to an abnormality of EMT and thereby reduce podocyte function and glomerular barrier integrity and that GH treatment prevents such pathological actions of Hcys and protects glomeruli from increased permeability. Given the evidence discussed above that GH also inhibited NADPH oxidase activity and reduced the production of O 2 .-, the suppression of local oxidative stress during application of GH may be attributed to its beneficial effect in preserving podocyte function during Hcys stimulation. In this regard, previous studies in our laboratory and by others demonstrated that Hcys-decreased production of VEGF-A and corresponding dysfunction of podocytes was restored by inhibition of NADPH oxidase activity or silencing of the gene coding this enzyme [11] .
The next question we addressed in the present study is how GH acts to activate NADPH oxidase and thereby promote EMT in podocytes. It has been reported that GH-mediated biological responses are mainly associated with its binding to GHR and consequent activation of the tyrosine kinase, Janus kinase 2 (JAK2). These biological responses include cellular proliferation, differentiation and migration, prevention of apoptosis, cytoskeletal reorganization and regulation of metabolic pathways [54] . In addition, other signaling mechanisms related to signal transducers and activators of transcription (Stats), the mitogen activated protein kinase (MAPK) pathway, and the phosphatidylinositol 3'-kinase (PI3K) pathway were also reported to be involved in the action of GH in a variety of cells or tissues [54, 55] . However, there is no report that delineates the mechanism mediating the antioxidant action of GH. In our previous studies, the formation of membrane raft platforms in the plasma membrane of podocytes was found to be critically involved in Hcysinduced activation of NADPH oxidase due to aggregation, recruitment and assembling of NADPH oxidase subunits to form a redox platform [23] . Based on those studies, we hypothesized that the effect of GH to inhibit Hcysinduced NADPH oxidase activation in podocytes may be due to its action on the formation of membrane raft platforms. Indeed, there are some reports that GHRs are highly lipid raft-concentrated [56] and membrane raft targeting of GHR resides in subdomain 2 of glycosylated extracellular domain, a region relatively uninvolved in GH binding [55, 57] . In the present study, we provided three lines of evidence demonstrating that GH activates NADPH oxidase and thereby blocks EMT of podocytes through inhibition of membrane raft platforms formation and consequent redox signaling. First, we found by confocal microscopy that both GHR and gp91 phox were coupled to membrane raft platforms on podocytes upon Hcys stimulation. However, this Hcys-induced formation of membrane raft platforms and related molecular aggregation were substantially blocked by GH treatment, suggesting that the assembling of NADPH oxidase subunits possibly occurs in membrane raft clusters. Second, the effects of GH on the formation of membrane raft platforms and associated aggregation of GHRs or NADPH oxidase subunits were similar to filipin, a compound that binds to cholesterol and disrupts membrane rafts. Third, ESR analysis demonstrated that NADPH oxidase-derived O 2 .-production upon Hcys stimulation was blocked by GH. However, in the presence of membrane raft disruptors, filipin and MCD, or NADPH oxidase inhibitor apocynin, GH had no further effects on Hcys-induced O 2 .-production. From these results, we propose that GH acts on its receptor to activate the formation of membrane raft platforms and thereby result in NADPH oxidase assembling and activation. O 2 .-as NADPH oxidase product initiates redox regulation leading to EMT in podocytes.
In summary, the present study demonstrated a novel regulatory role or therapeutic action of GH on Hcysinduced EMT of podocytes. This action of GH is associated with inhibition of membrane raft clustering and consequent inhibition of NADPH oxidase activation and O 2 .-production induced by Hcys stimulation.
